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Why use n and nuclei ?

➭ Beta decay brings independent and competitive 
constraints to HEP in the weak sector when 
going to 0.1% level

▪ Beta decay 
n and nuclei extensively used to establish the properties 
of the weak interaction in the framework of the SM

▪ Effective Field Theory
Model independent approach : no assumption on NP 
origin

Wilson coefficients :

M. González-Alonso, O. Naviliat-Cuncic, N. Severijns Prog. Part. Nucl. Phys. (2019)
A. Falkowski, M. González-Alonso, O. Naviliat-Cuncic JHEP04 (2021)
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Figure 3. 90% CL constraints on scalar and tensor coefficients obtained from beta decays in this
work (solid black line) and from LHC data (dashed blue and dotted red lines) [22]. We stress here
again that εT is defined in this work with a different normalization (by a factor of 4) than in ref. [22].

that precision measurements of beta decays can effectively probe similarly high scales as
the LHC, even though they involve merely MeV energy transfers!

To close this subsection, we come back to the comparison of the constraining power
of the mirror transitions and other nuclear observables. In table 5 we compare the 1σ

confidence intervals obtained with and without including the mirror data. The mirror data
alone, without any other input, are capable of simultaneously constraining V̂ud, εS , εT ,
together with the six relevant mixing ratios ρ. This shows that the mirror transitions can
potentially play an important role in probing new physics beyond the SM, in addition to
measuring the CKM element Vud within the SM scenario. However, much as in the SM case,
the impact of the mirror transitions is currently limited in the scenario with only left-handed
neutrinos. As anticipated above, the reason is that V̂ud, εS , εT are already well constrained
by a combination of superallowed and neutron data, without leaving flat directions in the
parameter space. Compared to the superallowed and neutron data, the uncertainties of
correlation measurements in mirror transitions is still too large by a factor of few, therefore
mirror data does not improve the constraints in this scenario. Still, and much like in the
SM scenario, mirror decays improve the robustness of beta decay constraints since they
come from different experiments and are subject to different systematics.

4.3 Non-standard interactions involving left- and right-handed neutrinos

Finally, we discuss the constraints on the Wilson coefficients of the Lee-Yang Lagrangian in
eq. (2.2) when all of them are allowed to be simultaneously present. In particular, the Wil-
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Beta decay
▪ n beta decay Lagrangian

+ right-handed neutrinos
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⇥ ē�µ(1� �5)⌫e

<latexit sha1_base64="Z1CD1not32WHKv2d6tUTEcvC4qw="></latexit>
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1

2
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Exotic currents : S and T
P omitted  

Table 1.2: Bilinear Invariants in Dirac Theory

Operators Parity Transformation Number of Nonzero Elements
 ̄ Scalar (S) 1
 ̄�µ Vector (V ) 4
 ̄�µ⌫ Tensor (T ) 6
 ̄�µ�5 Axial Vector (A) 4
 ̄�5 Pseudoscalar (P ) 1

a bold step and suggested a three-body decay process to explain the �-spectrum,
introducing a third particle based on the energy-momentum conservation laws. This
‘third particle’ must have negligible mass, carry an intrinsic spin momentum 1

2~ and
at some point be capable of carrying all of the electron energy. It must not interact
electromagnetically, so it must be an electrically neutral particle. The introduction
of this particle explained the continuous energy spectrum of nuclear �-decay. Soon
after the discovery of the neutron by Chadwick in 1932 [14], this particle was named
‘neutrino’ by Fermi in reference to the neutral particle (neutron) that resides inside
the nucleus of an atom. Fermi developed the theory of �-decay based on the Pauli

Figure 1.2: Fermi’s analogy of four-fermion interaction to the electrodynamics [1].

neutrino hypothesis2. Analogous to the vector interaction in electrodynamics (see
Figure 1.2), Fermi considered the Hamiltonian [27] for �-decay as a vector-vector
interaction given by

H
�(x) = CV  ̄p(x)�µ n(x) ̄e(x)�

µ ⌫̄(x), (1.2)

where CV is the vector coupling constant and  (x)’s are the fields (Dirac fields)
associated with each particle. The quantity  ̄p(x)�µ n(x) is a vector current and the
Hamiltonian involves a current ⇥ current interaction. In the system of units with
~ = 1 and c = 1, the charge of an electron is dimensionless and the coupling constant
CV has a dimension of M�2 making it an effective coupling constant (Fermi Constant

2At that time the neutrino was only a hypothetical particle introduced to explain the continuous
energy spectrum in �-decay using the energy-momentum conservation laws. It was only in 1954 that
neutrinos were "discovered" when Cowan and Reines detected the emission of antineutrinos from
the nuclear reactor. Reines received the Nobel Prize in 1995 for this discovery.

5T.Lee, C-N Yang Phys. Rev. 104 (1956)
M. González-Alonso, Colloque GANIL (2019)
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▪ n beta decay Lagrangian

+ right-handed neutrinos
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SM “V-A” structure

Exotic currents : S and T
P omitted  
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⇥ ē�µ(1� �5)⌫e

<latexit sha1_base64="Z1CD1not32WHKv2d6tUTEcvC4qw="></latexit>

+ CS p̄n⇥ ē(1� �5)⌫e +
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Beta decay
▪ n beta decay Lagrangian

▪ Decay rate distribution for polarized nuclei 
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b-n correlation coefficient
CP conserving

Access to CS and CT quadratically

Fierz interference term
CP conserving
Access to CS and CT linearly

« D » coefficient
CP violating
Acces to CA, CA

’, CV, CV
’ linearly

Table 1.2: Bilinear Invariants in Dirac Theory

Operators Parity Transformation Number of Nonzero Elements
 ̄ Scalar (S) 1
 ̄�µ Vector (V ) 4
 ̄�µ⌫ Tensor (T ) 6
 ̄�µ�5 Axial Vector (A) 4
 ̄�5 Pseudoscalar (P ) 1

a bold step and suggested a three-body decay process to explain the �-spectrum,
introducing a third particle based on the energy-momentum conservation laws. This
‘third particle’ must have negligible mass, carry an intrinsic spin momentum 1

2~ and
at some point be capable of carrying all of the electron energy. It must not interact
electromagnetically, so it must be an electrically neutral particle. The introduction
of this particle explained the continuous energy spectrum of nuclear �-decay. Soon
after the discovery of the neutron by Chadwick in 1932 [14], this particle was named
‘neutrino’ by Fermi in reference to the neutral particle (neutron) that resides inside
the nucleus of an atom. Fermi developed the theory of �-decay based on the Pauli

Figure 1.2: Fermi’s analogy of four-fermion interaction to the electrodynamics [1].

neutrino hypothesis2. Analogous to the vector interaction in electrodynamics (see
Figure 1.2), Fermi considered the Hamiltonian [27] for �-decay as a vector-vector
interaction given by

H
�(x) = CV  ̄p(x)�µ n(x) ̄e(x)�

µ ⌫̄(x), (1.2)

where CV is the vector coupling constant and  (x)’s are the fields (Dirac fields)
associated with each particle. The quantity  ̄p(x)�µ n(x) is a vector current and the
Hamiltonian involves a current ⇥ current interaction. In the system of units with
~ = 1 and c = 1, the charge of an electron is dimensionless and the coupling constant
CV has a dimension of M�2 making it an effective coupling constant (Fermi Constant

2At that time the neutrino was only a hypothetical particle introduced to explain the continuous
energy spectrum in �-decay using the energy-momentum conservation laws. It was only in 1954 that
neutrinos were "discovered" when Cowan and Reines detected the emission of antineutrinos from
the nuclear reactor. Reines received the Nobel Prize in 1995 for this discovery.

5T.Lee, C-N Yang Phys. Rev. 104 (1956)
M. González-Alonso, Colloque GANIL (2019)

J.D Jackson, S.B Treiman, H.W Wyld Nuclear Phys 4 (1957) 

SM “V-A” structure

Exotic currents : S and T
P omitted  
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Beta decay
▪ n beta decay Lagrangian

▪ Decay rate distribution for polarized nuclei 

□ Ft values : Vud, b
□ Beta spectrum shape : b
□ Correlation measurements : a, b, D
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2~ and
at some point be capable of carrying all of the electron energy. It must not interact
electromagnetically, so it must be an electrically neutral particle. The introduction
of this particle explained the continuous energy spectrum of nuclear �-decay. Soon
after the discovery of the neutron by Chadwick in 1932 [14], this particle was named
‘neutrino’ by Fermi in reference to the neutral particle (neutron) that resides inside
the nucleus of an atom. Fermi developed the theory of �-decay based on the Pauli
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Figure 1.2), Fermi considered the Hamiltonian [27] for �-decay as a vector-vector
interaction given by

H
�(x) = CV  ̄p(x)�µ n(x) ̄e(x)�
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where CV is the vector coupling constant and  (x)’s are the fields (Dirac fields)
associated with each particle. The quantity  ̄p(x)�µ n(x) is a vector current and the
Hamiltonian involves a current ⇥ current interaction. In the system of units with
~ = 1 and c = 1, the charge of an electron is dimensionless and the coupling constant
CV has a dimension of M�2 making it an effective coupling constant (Fermi Constant

2At that time the neutrino was only a hypothetical particle introduced to explain the continuous
energy spectrum in �-decay using the energy-momentum conservation laws. It was only in 1954 that
neutrinos were "discovered" when Cowan and Reines detected the emission of antineutrinos from
the nuclear reactor. Reines received the Nobel Prize in 1995 for this discovery.
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Why are superallowed decays special?

 3

Superallowed 0+-0+ nuclear decays:  
- only conserved vector current (unlike the neutron decay and other mirror decays) 
- many decays (unlike pion decay) 
- all decay rates should be the same modulo phase space

Experiment: f - phase space (Q value) and t - partial half-life (t1/2, branching ratio)
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ft values: same within ~2% but not exactly! 
Reason: SU(2) slightly broken 
a. RC (e.m. interaction does not conserve isospin) 
b. Nuclear WF are not SU(2) symmetric  
      (proton and neutron distribution not the same)

▪ Unitarity test of the CKM matrix 1st row : 

0+ ⟶ 0+ superallowed Fermi transition :

Ft values : total decay rates 

7

|Vud|2 + |Vus|2 + |Vub|2 = 1 +NP
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JC. Hardy & IS. Towner Phys.Rev.C 102 (2020)

~300 stable isotopes
~3000 with known properties 
~6000 predicted!

The selection rules

Fermi � decay

In the Fermi decay mode the conservation of angular momentum
requires that the spin of the baryons to point in the same direction
before and after the decay.

ν

e−

S=0

n p

Fermi decay

NUCS 342 (Lecture 17) March 2, 2011 10 / 27
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Why are superallowed decays special?

 3

Superallowed 0+-0+ nuclear decays:  
- only conserved vector current (unlike the neutron decay and other mirror decays) 
- many decays (unlike pion decay) 
- all decay rates should be the same modulo phase space

Experiment: f - phase space (Q value) and t - partial half-life (t1/2, branching ratio)
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ft values: same within ~2% but not exactly! 
Reason: SU(2) slightly broken 
a. RC (e.m. interaction does not conserve isospin) 
b. Nuclear WF are not SU(2) symmetric  
      (proton and neutron distribution not the same)

▪ Unitarity test of the CKM matrix 1st row : 

0+ ⟶ 0+ superallowed Fermi transition :

222 individual measurements from 23 decays :

Ft values : total decay rates 

8

|Vud|2 + |Vus|2 + |Vub|2 = 1 +NP
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FIG. 3. (a) In the top panel are plotted the uncorrected experi-
mental f t values for the 15 precisely known superallowed transitions
as a function of the charge on the daughter nucleus. (b) In the bottom
panel, the corresponding Ft values are given; they differ from the f t
values by the inclusion of the correction terms δ′

R, δNS, and δC . The
horizontal gray band gives one standard deviation around the average
Ft value. All transitions are labeled by their parent nuclei.

be established with high precision. Relatively imprecise mea-
surements of the tiny Gamow-Teller branches, which must be
subtracted from 100%, are all that is required.

Not so for the decays of the Tz = −1 parents. They are
even-even nuclei that decay to odd-odd daughters, where 1+

states are available at low excitation energy. The Gamow-
Teller transitions to these states turn out to be strong enough to
compete with, and often surpass, the superallowed transitions.
This raises a serious experimental challenge: the intensity
of the Gamow-Teller branches—or the superallowed branch
itself—must be measured directly with high relative precision.
Considerable progress has been made in the last few years
in improving the measurements of superallowed branching
ratios from Tz = −1 parents, but they still cannot match the
precision of the Tz = 0 parents’ branching ratios.

The eight cases included in Fig. 5 are much more limited
by experiment. All but 66As and 70Br are Tz = −1 parents,
which will require very difficult measurements to arrive at
precise branching ratios. All but 18Ne and 30S are quite far
from stability and will be difficult to produce in sufficient
quantity for high statistical precision. Overall, the two most
advanced candidates are 18Ne and 30S but even they will

FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the 15 precisely measured
superallowed transitions used in the Ft-value average. The two bars
cut off with jagged lines at about 0.20% actually rise to 0.23%
for 62Ga and 0.29% for 74Rb. The bars for δ′

R and δC-δNS include
provision for systematic uncertainty as well as statistical. See text.
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FIG. 5. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the eight tabulated superallowed
transitions not known precisely enough to contribute to the Ft-value
average. The three bars cut off with jagged lines at about 4.0%
indicate that no useful experimental measurement has been made of
those parameters. The bars for δ′

R and δC-δNS include provision for
systematic uncertainty as well as statistical. See text.
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Ft =
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2G2
F V 2

ud (1 +�V
R)
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Trap : QEC
Dm ~ 10-8

Beta counting and Ge 
with calibrated e : 
t1/2 and BR
De ~ 0.2%

Statistical rate 
function f /

Z
dW0

<latexit sha1_base64="NxfOB4vKezbQXphWk3pEpxvBUOI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRSUXBTdOOygn1AE8JkMmmHTmbCzEQIof6KGxeKuPVD3Pk3TtsstPXAwOGce7lnTpgyqrTjfFuVtfWNza3qdm1nd2//wD486imRSUy6WDAhByFShFFOuppqRgapJCgJGemHk9uZ338kUlHBH3SeEj9BI05jipE2UmDXYy+VItXCo1xD7zrqB05gN5ymMwdcJW5JGqBEJ7C/vEjgLCFcY4aUGrpOqv0CSU0xI9OalymSIjxBIzI0lKOEKL+Yh5/CU6NEMBbSPBNhrv7eKFCiVJ6EZjJBeqyWvZn4nzfMdHzlF5SnmSYcLw7FGYNawFkTMKKSYM1yQxCW1GSFeIwkwtr0VTMluMtfXiW986bbal7ctxrtm7KOKjgGJ+AMuOAStMEd6IAuwCAHz+AVvFlP1ov1bn0sRitWuVMHf2B9/gA66ZR/</latexit>

Partial half-life 
t =

t1/2
BR

(1 + PEC)
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Corrections:
Radiative < 1%
Structure < 1%

Theoretical 
Calculations
uncertainties < 0.1%
(except 62Ga&74Rb)

⇥
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JC. Hardy & IS. Towner Phys.Rev.C 102 (2020)

~300 stable isotopes
~3000 with known properties 
~6000 predicted!

15 transitions with 
uncertainties < 0.3%

|Vud| = 0.97373± 0.00031

<latexit sha1_base64="8Wk4xEfsaiu05sHn2srqe0hMNXo=">AAACGXicbZDLSgMxFIYzXmu9VV26CRbB1ZCxlepCEN24rGBboVNKJpPRYCYzJGfEMs5ruPFV3LhQxKWufBvTy8LbgcDH/5+TnPxBKoUBQj6dqemZ2bn50kJ5cWl5ZbWytt42SaYZb7FEJvoioIZLoXgLBEh+kWpO40DyTnB9MvQ7N1wbkahzGKS8F9NLJSLBKFipXyF+EGEf+C2M7srZgKoiv2v38yws7g6Je9CoNWp+GhOXEFLzin6lOkJb+C94E6iiSTX7lXc/TFgWcwVMUmO6Hkmhl1MNgklelP3M8JSya3rJuxYVjbnp5aNtCrxtlRBHibZHAR6p3ydyGhsziAPbGVO4Mr+9ofif180g2u/lQqUZcMXGD0WZxJDgYUw4FJozkAMLlGlhd8XsimrKwIZZtiF4v7/8F9q7rld3987q1aPjSRwltIm20A7yUAMdoVPURC3E0D16RM/oxXlwnpxX523cOuVMZjbQj3I+vgCrNJ9j</latexit>

The selection rules

Fermi � decay

In the Fermi decay mode the conservation of angular momentum
requires that the spin of the baryons to point in the same direction
before and after the decay.

ν

e−

S=0

n p

Fermi decay
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Why are superallowed decays special?

 3

Superallowed 0+-0+ nuclear decays:  
- only conserved vector current (unlike the neutron decay and other mirror decays) 
- many decays (unlike pion decay) 
- all decay rates should be the same modulo phase space

Experiment: f - phase space (Q value) and t - partial half-life (t1/2, branching ratio)
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ft values: same within ~2% but not exactly! 
Reason: SU(2) slightly broken 
a. RC (e.m. interaction does not conserve isospin) 
b. Nuclear WF are not SU(2) symmetric  
      (proton and neutron distribution not the same)

▪ Unitarity test of the CKM matrix 1st row : 

0+ ⟶ 0+ superallowed Fermi transition :

222 individual measurements from 23 decays :

▪ Sensitivity to exotic scalar currents : b = ± 0.002

If b≠0 then f is affected : 

Ft values : total decay rates 

9

|Vud|2 + |Vus|2 + |Vub|2 = 1 +NP
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FIG. 3. (a) In the top panel are plotted the uncorrected experi-
mental f t values for the 15 precisely known superallowed transitions
as a function of the charge on the daughter nucleus. (b) In the bottom
panel, the corresponding Ft values are given; they differ from the f t
values by the inclusion of the correction terms δ′

R, δNS, and δC . The
horizontal gray band gives one standard deviation around the average
Ft value. All transitions are labeled by their parent nuclei.

be established with high precision. Relatively imprecise mea-
surements of the tiny Gamow-Teller branches, which must be
subtracted from 100%, are all that is required.

Not so for the decays of the Tz = −1 parents. They are
even-even nuclei that decay to odd-odd daughters, where 1+

states are available at low excitation energy. The Gamow-
Teller transitions to these states turn out to be strong enough to
compete with, and often surpass, the superallowed transitions.
This raises a serious experimental challenge: the intensity
of the Gamow-Teller branches—or the superallowed branch
itself—must be measured directly with high relative precision.
Considerable progress has been made in the last few years
in improving the measurements of superallowed branching
ratios from Tz = −1 parents, but they still cannot match the
precision of the Tz = 0 parents’ branching ratios.

The eight cases included in Fig. 5 are much more limited
by experiment. All but 66As and 70Br are Tz = −1 parents,
which will require very difficult measurements to arrive at
precise branching ratios. All but 18Ne and 30S are quite far
from stability and will be difficult to produce in sufficient
quantity for high statistical precision. Overall, the two most
advanced candidates are 18Ne and 30S but even they will

FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the 15 precisely measured
superallowed transitions used in the Ft-value average. The two bars
cut off with jagged lines at about 0.20% actually rise to 0.23%
for 62Ga and 0.29% for 74Rb. The bars for δ′

R and δC-δNS include
provision for systematic uncertainty as well as statistical. See text.
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FIG. 5. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the eight tabulated superallowed
transitions not known precisely enough to contribute to the Ft-value
average. The three bars cut off with jagged lines at about 4.0%
indicate that no useful experimental measurement has been made of
those parameters. The bars for δ′

R and δC-δNS include provision for
systematic uncertainty as well as statistical. See text.
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Ft =
K

2G2
F V 2

ud (1 +�V
R)
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Trap : QEC
Dm ~ 10-8

Beta counting and Ge 
with calibrated e : 
t1/2 and BR
De ~ 0.2%

Statistical rate 
function f /

Z
dW0
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Partial half-life 
t =

t1/2
BR

(1 + PEC)
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Corrections:
Radiative < 1%
Structure < 1%⇥
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J. C. HARDY AND I. S. TOWNER PHYSICAL REVIEW C 102, 045501 (2020)

FIG. 7. Corrected Ft values from Table XVI plotted as a func-
tion of the charge on the daughter nucleus, Z . The curved lines
represent the approximate loci the Ft values would follow if a scalar
current existed with bF = ±0.002.

The result we obtained is

bF = −2
CS

CV
= 0.0000 ± 0.0020, (31)

where bF is the historic Fierz interference term [212], which
is simply twice CS/CV under the restrictive assumptions that
the scalar interaction is both time-reversal invariant and max-
imally parity violating. The uncertainty quoted in Eq. (31)
is one standard deviation (68% CL). At the 90% confidence
level, this result corresponds to

|bF | ! 0.0033, (32)

a limit which is a factor-of-two tighter than the one we ob-
tained in our last survey [7].

There were two free parameters in this fit to the data:
CS/CV and Ft . Corresponding to the result for the former,
which is quoted in Eq. (31), is Ft = 3072.3 ± 1.6 s, the
result for the latter. Note that only statistical uncertainties are
relevant here. This result compares well to Ft = 3072.24 ±
0.57 s (see Table XVI) the value we obtained without in-
troducing a scalar current. The central value is essentially
unchanged but the uncertainty in a two-parameter fit increases
by a factor of nearly three.

In Fig. 7 we illustrate the sensitivity of this analysis by
plotting the measured Ft values together with the loci of Ft
values that would be expected if bF = ±0.002, the present
uncertainty limits.

2. Induced scalar currents

If we only consider the vector part of the weak interaction,
then for composite spin-1/2 nucleons, as opposed to pointlike
quarks, its most general form is written [213]

HV = ψ p(gV γµ − fMσµνqν + i fSqµ)ψnφeγµ(1 + γ5)φνe ,

(33)

with qµ being the four-momentum transfer between hadrons
and leptons. The values of the coupling constants gV (vec-
tor), fM (weak magnetism), and fS (induced scalar) are
pre-determined if the CVC hypothesis is correct in prescribing
that the weak vector current is just an isospin rotation of the
electromagnetic vector current. In particular, because CVC
implies that the vector current is divergenceless, the induced
scalar term fS should be identically zero.

The Hamiltonian in Eq. (33) can be reorganized to match
exactly the form given by Jackson, Treiman, and Wyld,
Eq. (30), with CS replaced by me fS and CV with gV . Here
me is the electron rest mass, which is me = 1 in the electron
rest-mass units we use. Thus, the value of CS/CV in Eq. (31)
equally applies to me fS/gV ,

∣∣∣∣
me fS

gV

∣∣∣∣ ! 0.0016, (34)

at the 90% confidence level. This result is a vindication of the
CVC hypothesis, which predicts that gV = 1 and fS = 0.

VI. CONCLUSIONS

Since our last survey in 2015, a large number of new
measurements have been reported. In some cases, these have
served to improve the precision with which a few key transi-
tions are known; in others, they have demonstrated that new
transitions are becoming accessible to good-quality experi-
ments. In the first category are new measurements of the 14O
branching ratio [166] and QEC value [168], as well as the
10C half-life [56], all of which reduce uncertainties on the
Ft values for the low-Z parents that are key to establishing
a tight limit on the Fierz term bF (see Sec. V D 1). In the same
category are the precise branching-ratio results for 26Si [36]
and 34Ar [107], which have now tripled the number of mirror
superallowed transitions that are well characterized. The f t-
value ratios for these mirror pairs have provided a stringent
new test of the efficacy of the nuclear-structure-dependent
correction terms (see Sec. III B 2).

In the second category of significant recent measurements
are two that have led to three new TZ = −1 superallowed
emitters, 46Cr, 50Fe, and 54Ni, being added to our tables for
the first time. Although the results obtained so far [129,179]
are not precise enough for these superallowed transitions to
be used in the extraction of Vud (see Table XVI), they do
demonstrate that these parent nuclei are potential candidates
for future more-precise measurements.

Of equal or greater import are recent reevaluations of the
radiative correction terms, δNS and 'V

R . Two new contributors
to δNS have been identified and their magnitudes calculated
approximately [188,197]. The two contributions effectively
cancel one another, but unfortunately both carry relatively
large uncertainties, which cause the overall uncertainty on
δNS to increase significantly, even though its magnitude re-
mains largely unchanged (see Sec. III A 3). In contrast, two
new calculations of 'V

R by Seng et al. [187,188] and by
Czarnecki et al. [189] have led to an important reduction
in its uncertainty but have increased its magnitude by more
than twice the uncertainty assigned to its previous value (see
Table X).

The impact these changes have made on the final values
we now obtain for the average Ft and for Vud are illustrated
in Fig. 6. On the one hand, the value of Ft with statistical
uncertainties has hardly changed at all from our 2015 survey,
indicating that the body of world experimental data is very
robust; but, on the other hand, the value of Vud has decreased
appreciably because of the increase in 'V

R , and its uncertainty
has increased as a result of the enlarged δNS uncertainty.

045501-22
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~300 stable isotopes
~3000 with known properties 
~6000 predicted!

15 transitions with 
uncertainties < 0.3%

Theoretical 
Calculations
uncertainties < 0.1%
(except 62Ga&74Rb)

|Vud| = 0.97373± 0.00031
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The selection rules

Fermi � decay

In the Fermi decay mode the conservation of angular momentum
requires that the spin of the baryons to point in the same direction
before and after the decay.

ν

e−

S=0

n p

Fermi decay

NUCS 342 (Lecture 17) March 2, 2011 10 / 27
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Beta spectrum shape
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▪ Beta energy spectrum for non polarized nuclei :

Highest sensitivity candidates due to kinematics : endpoint energy 1-4 MeV
All theoretical corrections under control at 0.1% level

▪ Experimental Challenges 
□ Electron backscattering
□ energy loss in source
□ Detector dead layer

▪ Set-ups : 4p, MWDC, CRES...
Ongoing programs with 6He@LPC, 114In@Leuven, 20F...

M. González-Alonso NP searches in β decays7

✓ Direct effect in the spectrum:  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M. GONZÁLEZ-ALONSO AND O. NAVILIAT-CUNCIC PHYSICAL REVIEW C 94, 035503 (2016)

FIG. 1. Variation of the sensitivity factor 〈m/W 〉 as a function of
the endpoint energy E0.

the phase space, gives

N0 = 1 + b

〈
m

W

〉
, (3)

where 〈m/W 〉 denotes the average of m/W over the statistical
weight given by Eq. (1). Figure 1 shows the variation of the
factor 〈m/W 〉 as a function of the endpoint energy, E0 = W0 −
m, for values in the range 20 keV to 20 MeV. For reference,
the values for neutron decay (E0 = 782 keV) and for 6He
decay (E0 = 3.50 MeV) are indicated with black points. It
is obvious that 〈m/W 〉 increases monotonically toward lower
endpoint energies and tends asymptotically to 1 because the
kinetic energy in the denominator becomes negligible relative
to the electron mass.

This property has been exploited to extract very stringent
constraints on scalar couplings from the contribution of the
Fierz term to the F t values in superallowed pure Fermi
transitions [16]. Nuclei with the lowest endpoint energies, such
as 10C and 14O, have the largest sensitivity to the Fierz term,
whereas the b contamination to the F t values of transitions
with larger endpoints, such as 26mAl, is smaller.

It is clear from Fig. 1 that, from a purely statistical
standpoint, the uncertainty on the Fierz term extracted from a
measurement of the rate in Eq. (3) would decrease monotoni-
cally toward lower energies. For a sample with 108 events, the
smallest statistical uncertainty would be !b = 10−4.

III. DIFFERENTIAL DISTRIBUTIONS

The monotonic increase of sensitivity to b in Eq. (3) does
not imply, however, that this property also holds when the
Fierz term is extracted from the measurement of a differential
distribution such as the β energy spectrum or the recoil
momentum spectrum. This is so, simply because in differential
distributions one measures the effect on the shape of the
distribution and not on the number of events. To illustrate
this quantitatively we have performed simple Monte Carlo
studies where the statistical uncertainty on the Fierz term is
determined from fits of differential spectra.

FIG. 2. The solid red line shows the 1σ statistical uncertainties
obtained from fits of simulated β energy spectra as a function of the
endpoint energy E0. The dashed brown line shows the result obtained
with the approximation given by Eq. (7).

A. The β energy spectrum

We consider first the distribution in electron energy,
resulting from the integration of Eq. (2) over the directions
of the neutrino,

Ne(W )dW ∝ P (W )
(

1 + b
m

W

)
dW (4)

= [P (W ) + b g(W )]dW. (5)

We generated β-energy spectra following the shape of the
phase space P (W ) in Eq. (1), for different values of the
endpoint energy E0. Each spectrum contained 108 events.
The generated spectra were then fitted between 5% and 95%
of their kinetic energy range, with a function given by Eq. (4).
The fits had two free parameters: the overall normalization
and the Fierz term b.

The red solid curve in Fig. 2 shows the 1σ statistical
uncertainty on the Fierz term obtained from these fits as a
function of the endpoint energy E0. For endpoint energies
larger than about 1–2 MeV, the statistical uncertainty increases
roughly linearly with the endpoint energy, due to the 1/W
factor. For endpoint energies smaller than 1–2 MeV, the
statistical uncertainty does not decrease monotonically but,
instead, it also increases and equally fast on the log-log scale.
The origin of this loss of sensitivity toward smaller endpoint
energies is rather simple. The sensitivity to b in the fits is
driven by the differences in shape between g(W ) and P (W )
in Eq. (5). As the average kinetic energy becomes smaller,
these two functions become identical and the fitting function
becomes proportional to (1 + b) with a loss of the specific
kinematic signature to b. In other words, although the effect of
the b term in the overall normalization, cf. Eq. (3), is maximal
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Correlation measurements : WISArD
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▪ Decay rate for non polarized nuclei 

▪ Correlation measurement = recoil measurement

a > 0 : q =0° favored and large recoil
a < 0 : q =180° favored and small recoil

access to : 

Beta nuclear recoil < 1 keV
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▪ Decay rate for non polarized nuclei 

▪ Correlation measurement = recoil measurement

a > 0 : q =0° favored and large recoil
a < 0 : q =180° favored and small recoil

access to : 

Beta nuclear recoil < 1 keV
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➭ Best measurement aF at 0.48% 
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Pure Fermi transition  DJ=0 S=0

Gorelov, A. et al, Phys. Rev. Lett. 94, 1425 (2005)
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▪ b-delayed p emission in 32Ar

□ Fermi 0+ ⟶ 0+ transition from GS to IAS
□ Recoil energy ~100s eV
□ Beta delayed p emission ~ 3 MeV
□ IAS : G ~ 20 eV⬄T1/2 ~ 10-17 s
➭ p emission in flight from the recoil

▪ b-p coincidence measurement

□ Beta detector with detection 
threshold below 10 keV

□ Strong magnetic field 
□ 2 symmetrical p detectors 

with resolution < 15 keV and
high solid angle

V. ARAUJO-ESCALONA et al. PHYSICAL REVIEW C 101, 055501 (2020)

FIG. 1. Simplified 32Ar decay scheme. Only relevant transitions
discussed in the present paper are indicated.

ãβν can thus be inferred either from a direct measurement
of the daughter nucleus recoil energy [4–8] or by observ-
ing secondary particles emitted after the decay [9–13]. Both
techniques yield similar constraints on exotic couplings with
#ãβν ≈ 5 × 10−3 for pure F transitions [5,11], and #ãβν ≈
3 × 10−3 for pure GT ones [4,13]. Ongoing experimental
programs aim today at precision levels of 10−3 and below
[14–20].

The present project targets a similar goal by improving by
a factor five or more the most precise results previously ob-
tained from the recoil energy broadening of β-delayed protons
in the decay of 32Ar towards its isobaric analog state in 32Cl
[11,21,22]. Figure 1 shows the simplified decay scheme of
32Ar where the 0+ → 0+ and the pure Gamow-Teller tran-
sitions of interest are indicated. Instead of a broadening, the
present experiment, called WISArD (weak-interaction studies
with 32Ar decay), measures the kinetic-energy shift of protons
emitted in parallel or antiparallel directions with respect to
the positron. This β-proton coincidence technique drastically
reduces the influence of the proton detector response function
and of the intrinsic proton peak shape. It also increases the
statistical sensitivity on ãβν : Monte Carlo simulations of the
experiment with the present setup show that the statistical
uncertainty on ãβν is reduced by a factor ≈2.5 when using
the proton peak energy shift technique instead of the peak
broadening technique. The effective gain in sensitivity should
be even higher because this factor was obtained assuming a
perfectly known proton detector response function. In real
experiments, the uncertainty on the detector response function
would affect significantly the precision for a broadening mea-
surement, but not for a shift measurement. Moreover, this new
technique allows simultaneous measurements with β-delayed
protons resulting from both pure F and pure GT transitions
of the 32Ar nucleus (Fig. 1). Note that a similar approach
is currently undertaken by the TAMUTRAP experiment [16]
using a Penning trap to confine radioactive ions.

II. EXPERIMENT

While a dedicated setup for WISArD is still under devel-
opment, a proof of principle experiment was performed at

FIG. 2. Schematic of the detection setup (see text for details).
Only four silicon detectors are visible on this sectional view. The
energy difference between protons emitted in the same hemisphere
as the β particle (red) and those emitted in the opposite one (purple)
is a function of ãβν .

ISOLDE-CERN with equipment and detectors readily avail-
able and the details of which will be presented separately [23].
The detection setup, shown in Fig. 2, is installed in the vertical
superconducting solenoid of the former WITCH experiment
[8]. It comprises eight 300-µm-thick silicon detectors with
effective diameter φ = 30 mm for protons and a φ = 20 mm,
L = 50 mm plastic scintillator coupled to a silicon photo-
multiplier for positron detection. The 30 keV 32Ar+ ions
from ISOLDE are implanted on an about 7-µm-thick φ =
15 mm mylar catcher at the center of the setup. Positrons
emitted in the upper hemisphere are confined by a 4 T vertical
magnetic field and guided towards the plastic scintillator with
an efficiency close to 100%. For protons, the total detection
efficiency is about 8% due to the solid angle. The four upper
silicon detectors, labeled Si1U to Si4U, are located 65.5 mm
above the catcher and the four lower ones, labeled Si1D to
Si4D, are mounted in a mirrored configuration below the
catcher. For protons of a few MeV, the energy resolution of the
detectors ranges from 25 to 45 keV (FWHM). All detectors,
including the scintillator, were read out by the FASTER data-
acquisition system [24]. During an effective beam time of 35
hours, ≈105 proton-positron coincidences were collected for
the superallowed 0+ → 0+ transition, which corresponds to
an implantation rate of ≈100 pps. Ion transmission in the
beamline was only about 12% due to the inadequate existing
beam optics. 32Ar+ ions were produced by a 1.4 GeV proton
beam with a mean intensity of 1.4 µA driven by the CERN
Proton Synchrotron Booster and impinging on a CaO target.
Ions extracted from the Versatile Arc Discharge Ion Source
(VADIS) were then mass selected using the ISOLDE high-
resolution mass separator. The average 32Ar+ production yield
was estimated to be ≈1700 pps, more than a factor two below
the ISOLDE standard capability [25]. With the nominal ion
production yield and an improved beam transmission, the
present 32Ar+ implantation rate can thus be increased by more
than one order of magnitude in future experiments.

055501-2

p
e+

ne

Nuclear 
recoil

q

Detector Plane

p in SiDOWN
DE

p in SiUP

GDR InF 2 – 4 Nov. 2022 G. Pignol M. Versteegen



WISArD at ISOLDE

14

Proof-of-principle (2018)

□ Readily available b and p detectors
□ ~ 1700 pps of 32Ar instead of 3000 nominal
□ ~ 35h of beamtime

➭ 3rd best result

6 µm mylar Catcher

b detector: plastic 
scintillator and SiPM

2 x 4 proton detectors
(300 µm Si Detectors)

+ FASTER DAQ
in B = 4 T 

(WITCH magnet)
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Proof-of-principle (2018)

□ Readily available b and p detectors
□ ~ 1700 pps of 32Ar instead of 3000 nominal
□ ~ 35h of beamtime

➭ 3rd best result

WISArD at ISOLDE

15

6 µm mylar Catcher

b detector: plastic 
scintillator and SiPM

2 x 4 proton detectors
(300 µm Si Detectors)

+ FASTER DAQ
in B = 4 T 

(WITCH magnet)

Exclusion plot from D. Atanasov
V. Araujo-Escalona et al. Phys. Rev. C 101 (2020)
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2022 Upgrade

▪ Ion beam transport  
98% transmission (SIMION)

▪ p detectors 
40% solid angle + 10 keV resolution + 100 nm 
dead layer

▪ Beta detector
Lower detection threshold + Validation of 
backscattering (GEANT4)

Next data taking : spring 2023 Exclusion plot from D. Atanasov

Goal : ~ 0.1% precision to 
compete with HEP
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See talk by N. Goyal

6He @ LPC (Paul trap)
8Li @ ANL (Paul trap)

6He @ ANL (MOT)
32Ar @ Texas A&M (Penning)

38mK @ TRIUMF (MOT)
n @ aSPECT

...

114In @ ISOLDE
6He @ LPC (bSTILED)
6He @ NSCL
...
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If 𝑑 ≠ 0 the process and its time 
reversed version are different.  

Violation of T Violation of CPCPT

>> PLAY >> << REWIND <<

!𝐻 = −𝑑 &⃗𝜎 ⋅ 𝐸

EDMs: coupling between spin and E-field
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Smith, 

Purcell, 
Ramsey 

The neutron EDM is still zero

Best limit (nEDM@PSI) 
Abel et al, PRL 124, 081803 (2020)

𝑑! < 1.8×10"#$ 𝑒 cm

Design sensitivity range of 4 experiments 
n2EDM @PSI, panEDM @ILL, LANL EDM, tucan @TRIUMF

under construction now

Design sensitivity EDM@SNS, starting 2028 

Possible reach with present neutron sources

CKM background uncertain, possibly 10-31 e cm 
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Basics of nEDM measurement

2𝜋𝑓 =
2𝜇
ℏ
𝐵 ±

2𝑑
ℏ
|𝐸|

If 𝑑 = 10!"# 𝑒 cm and 𝐸 = 11 kV/cm
one full turn in a time

$ℏ
&' = 𝟐𝟎𝟎 𝐝𝐚𝐲𝐬

Larmor frequency 
𝑓 = 30 Hz @ 𝐵 = 1 µT

To detect such a minuscule coupling
• Long interaction time

• High intensity/statistics

• Control the magnetic field
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• Long interaction time

• High intensity/statistics
• Control the magnetic field

Build colossal magnetic shields

• 6 layers of mu-metal
• Shielding factor 100,000

+ Use quantum magnetometry

Use Ultracold neutrons

nEDM chamber storing 

neutrons during 180s

Neutrons with velocity <5m/s (E<200neV) can 
undergo total reflection and be stored in 

material “bottles”
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Brod, Haich, Zupan, 1310.1385
Brod, Stamou, 1810.12303
Brod, Skodras, 1811.05480

ATLAS, PRL 125, 061802 (2020)

EDMs beyond the SM: modified Higgs couplings
Modified Higgs-fermion Yukawa 

coupling 

ℒ = − %!
#
𝜅& ̅𝑓𝑓ℎ + 𝑖�̃�& ̅𝑓𝛾'𝑓ℎ

CP

Generates EDM at 2 loops
Barr, Zee, PRL 65 (1990)



Lee-Yang operators: 

semileptonic, isospin changing

Isospin-diagonal, CPV operators
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Concluding view: hunt for forbidden couplings…

Observables

Nuclear Beta decay alphabet: 
a, b, A, B, D

EDMs of nucleons and atoms

!𝐻 = −𝑑 &⃗𝜎 ⋅ 𝐸

EFT with 
nucleons, 
leptons and 
photons

−ℒ#$%
=
1
2
𝑑& '𝑛𝜎'(𝑖𝛾)𝑛 𝐹'(

+
𝐺*
2
𝐶+, '𝑛𝑛 �̅�𝑖𝛾)𝑒 + ⋯

�LLY = CV

✓
p̄�µn+

CA

CV
p̄�µ�5n

◆
⇥ ē�µ(1� �5)⌫e

<latexit sha1_base64="Z1CD1not32WHKv2d6tUTEcvC4qw="></latexit>

+ CS p̄n⇥ ē(1� �5)⌫e +
1

2
CT p̄�µ⌫n⇥ ē�µ⌫(1� �5)⌫e + hc

<latexit sha1_base64="7rmwWPSmWeZTiN7ngoct29WeRnE="></latexit>

+ CS p̄n⇥ ē(1� �5)⌫e +
1

2
CT p̄�µ⌫n⇥ ē�µ⌫(1� �5)⌫e + hc

<latexit sha1_base64="7rmwWPSmWeZTiN7ngoct29WeRnE="></latexit>

dW (J)

dEed⌦ed⌦⌫
= dW0 ⇥ ⇠

⇢
1 + a

pe · p⌫

EeE⌫
+ b

me

Ee
+

< J >

J
·
✓
A

pe

Ee
+ B

p⌫

E⌫
+ D

pe ⇥ p⌫
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Beyond SM physics =
EFT with fundamental degrees of freedom: 

quarks & leptons, gauge, Higgs
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Thank you for your attention
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Back up
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Figure 14: (Left) 90% CL constraints on ✏S,T at µ = 2 GeV from �-decay data, cf. Eq. (87), with ��2 = 4.61, (black ellipse), from the analysis
of pp ! e + MET + X at the 8-TeV LHC (20 fb�1) [12] (blue ellipse), and from radiative pion decay, cf. Eq. (118) [23] (orange band). The
green band shows the 90% CL bound (��2 = 2.71) using only superallowed Fermi decays. (Right) Same figure but using projected �-decay
data, cf. Eq. (100) (black) and projected LHC bounds from pp ! e+MET+X searches with 14 TeV and 300 fb�1 [23] (blue).

Requiring that the leading logarithmic part of the 2-loop correction is not larger than current bounds on the neutrino
mass, the following bounds were found [13]

|✏̃L| . 10�2
, (129)

|✏̃S ± ✏̃P | . 2⇥ 10�3
, (130)

|✏̃T | . 0.5⇥ 10�3
, (131)

where µ = 1 TeV was used as the initial running scale. The bounds on scalar and tensor interactions are about 3 times
stronger than those derived from LHC data in Eqs. (121)-(122) and orders of magnitude stronger than those from � decay,
cf. Section 4.5. The bound on the pseudoscalar coupling is also 3 times stronger than the LHC one, but still weaker than
that from pion decay, cf. Eq. (114). Finally, the neutrino-mass considerations above o↵er a valuable alternative probe for
the ✏̃L coupling, which can also be accessed through CKM unitarity, but with slightly less accuracy, cf. Eq. (79).

5.5. Electric dipole moments

It can be shown that in the SMEFT framework, the same dimension-6 e↵ective operators generating CP-violating
e↵ects in � decay would also generate at tree- or one-loop-level a non-zero nuclear and neutron Electric Dipole Moment
(EDM) [473]. As a result one can translate the stringent EDM bounds [474] in indirect limits on the �-decay CP-
violating coe�cients, such as D or R, which are two orders of magnitudes stronger than their direct limits from �-decay
measurements [13]. This takes into account the calculation of Ref. [475] that relaxed the EDM bound by an order of
magnitude with respect to Ref. [473].

In principle, these indirect bounds can be avoided through a fine-tuned cancellation with additional dimension-6
operators contributing to the EDMs, or using dimension-8 operators. The precise realization in specific models is however
nontrivial, as shown for instance for leptoquark models, where the connection with EDMs is still present, although the
indirect bounds can be relaxed in this case [473]. Finally, the EDM bounds can be avoided abandoning altogether the
SMEFT framework, introducing for example light new particles. Thus, current measurements of CP-violating coe�cients
in � decay can be considered as probes of the SMEFT framework itself, or at least its simpler realizations where large
fine-tunings are not considered. A recent and detailed review of the connection between EDMs and �-decay measurements
is presented in Ref. [13].

6. Conclusions

We have reviewed the role of precision measurements in nuclear and neutron � decay, as useful tools to improve our
understanding of fundamental interactions. Transitions with small nuclear-structure uncertainties (or none in neutron
decay) are used to learn about QCD, to extract the values of fundamental SM parameters such as Vud, and to search for
new physics.

First, we have introduced the theoretical formalism that describes � decay at the elementary level with special attention
to the latest developments, such as the precise calculations of the hadronic charges in the lattice, or the SMEFT framework

55

GDR InF 2 – 4 Nov. 2022 G. Pignol M. Versteegen



Correlation measurements : WISArD
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▪ Decay rate for non polarized nuclei :
e+

ne

Nuclear 
recoil

q

aF ⇠= 1� |CS |2 + |C 0
S |2

|CV |2

➭Best measurement aF at 0.45% 

bF ⇡ ±Re

✓
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S

CV

◆

= 1

= 0

Pure F transition  DJ=0 S=0 Pure GT transition  DJ=0 or 1 S=1

aGT
⇠= �1

3

✓
1� |CT |2 + |C 0

T |2

|CA|2

◆

➭Best measurement aGT at < ~1% 

bGT ⇡ ±Re

✓
CT + C 0

T

CA

◆

= -1/3

= 0
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